INTRODUCTION
Cystic fibrosis transmembrane conductance regulator (CFTR) is expressed at very low levels in a tightly controlled, tissuespecific manner. One of the main challenges in cystic fibrosis (CF; OMIM #219700) research is to understand the regulatory mechanisms that underlie the low expression of endogenous CFTR expression, so that it may be manipulated for therapeutic benefit. There is evidence that marginally increasing CFTR expression, even in delta-F508 genotypes, can reduce the severity of symptoms associated with CF and CFTR-related diseases (1) . Attempts to increase CFTR mRNA and protein levels through the transfer of complete CFTR cDNA sequences are promising (2) , however since the identification of CFTR in 1989, a CFTR promoter has not been completely defined and, as such, it is difficult to completely resolve the transcriptional mechanisms of CFTR regulation.
Non-coding regions, including the 5 ′ and 3 ′ untranslated regions (UTRs), are known to contain both cis-and trans-acting elements that contribute to the regulation of gene expression (3) . Elements such as upstream open reading frames (uORFs) and internal ribosomal entry sites (IRES) (4) and RNA G-quadruplexes (5) regulate translation, whereas microRNAs (miRNAs) (6) and trans-acting RNA-binding proteins (3) modulate transcript stability and steady-state levels. Kozak (7) demonstrated that stable RNA secondary structures in the 5 ′ UTR inhibit translation initiation by blocking the progress of scanning ribosomes and may decrease steady-state mRNA levels and transcript stability.
While CFTR expression is under the control of multiple, tissue-specific transcription start sites, two major transcription start sites, 2132 and 269, are the most frequently used in human epithelial tissues. The CFTR-132 5 ′ UTR contains multiple cis-regulatory elements, including an uORF and a predicted RNA stem-loop (SL). We previously analyzed the human † CFTR-132 and -69 5 ′ UTRs using mFold (8, 9) , which revealed that an RNA SL is predicted to form immediately downstream of the CFTR-132 uORF stop codon, similar to that described by Vilela et al. (10) . The CFTR-69 5 ′ UTR does not encode the uORF, but rather its transcription start site begins at the stop codon (UAG) of the CFTR-132 uORF. Analysis of the CFTR-69 5 ′ UTR shows that a similar, stable RNA secondary structure is predicted to form at the same location as the one identified in the CFTR-132 5 ′ UTR (8) . There is evidence that CFTR gene expression is regulated by post-transcriptional mechanisms. We have previously described a mutation in the CFTR 5 ′ UTR of a patient with disseminated bronchiectasis, which creates a uORF that overlaps, and is out-of-frame with, the main CFTR translation initiation codon. We demonstrated that this CFTR uORF mutation was sufficient to decrease gene expression up to 99% by reducing translation efficiency and mRNA stability (8) . This was the first study to demonstrate a CFTR regulatory mutation, associated with a CFTR-related disease, acting at the post-transcriptional level.
In this study, we show that a naturally occurring uORF and a predicted, stable RNA SL regulate translation efficiency and stability of the CFTR mRNA. We provide evidence for a novel mechanism of post-transcriptional regulation of endogenous human CFTR expression and show that individual cis-regulatory elements independently, and synergistically, repress endogenous CFTR expression.
RESULTS

Computational analysis of the CFTR-132 5
′ UTR mRNA secondary structure Initial RNA secondary structure predictions were performed on the entire CFTR-132 or CFTR-69 5 ′ UTR sequence using established software (9, 11) (Fig. 1A) . To determine whether the predicted secondary structure formed due to the length of the 5 ′ UTR sequence, thus occurring by chance, or whether the region of the predicted CFTR 5 ′ UTR SL was the most thermodynamically favorable for this structure, we computationally examined the CFTR-132 5 ′ UTR using a sliding window technique, previously described by Jenkins et al. (12) . The sequence was interrogated one nucleotide at a time, in windows ranging from 30 to 100 nucleotides in length using the RNAfold software (13) , and the minimum free energy (MFE) and ensemble free energy (EFE) structures were determined. Analysis of the EFE per nucleotide (Fig. 1B) shows a region of lower free energy between nucleotides 264 and 232 (relative to the start codon of the main CFTR protein-coding ORF (protein AUG, pAUG), where the A is +1) in nucleotide windows 64 -100, indicating that this region has a greater propensity to form a stable secondary structure. Conversely, the free energy associated with the 5 ′ end of the sequence is much closer to zero, suggesting an absence of secondary structure in this region. The MFE and EFE plots of dinucleotide shuffled sequences based on the sequence of the CFTR-132 5 ′ UTR show similar free energy patterns to the real CFTR 5 ′ UTR sequence ( Fig. 1B and C) , indicating that the nucleotide composition of each window, rather than the nucleotide order, is likely to be responsible for the formation of stable secondary structure in the 264 to 230 region. Notably, the nucleotide composition of the predicted SL region shows a slightly increased G/C content, compared with the CFTR-132 5 ′ UTR in its entirety (Table 1) , and is indicative of secondary structure formation in this area.
Segment scores (14) were calculated to assess the statistical significance of structured regions in the CFTR-132 5 ′ UTR compared with shuffled sequences. Segment scores that are generally ,21.96 or . +1.96 suggest statistically significant folding of RNA. Using the minimum and ensemble free energies, we determined the segment scores of the entire CFTR-132 5 ′ UTR (MFE ¼ +1.98; EFE ¼ +1.89), suggesting that the CFTR-132 5 ′ UTR is inherently structured. We then determined the likelihood of base-pairing between individual nucleotides with probability .0.5 (most likely to pair) for each 30 nucleotide window using the RNAfold centroid structure and the MFE of the ensemble structures. The number of paired bases with probability .0.5 was expressed as a percentage of the total number of paired bases in each 30nt window and shows increased probability of base-pairing in the SL region (Fig. 1D : graph and 1E: centroid structure). In the region of the stable stem (264 to 230nt), we found the base-pairing probabilities were generally between 0.75 and 0.99 (median ¼ 0.85). The increased base-pairing probability correlates with the regions of lowest free energy identified in the EFE and MFE plots ( Fig. 1B and C) . Taken together, these data indicate a propensity for stable secondary structure formation between nucleotides 264 and 230 in the CFTR-132 5 ′ UTR.
Analysis of the CFTR 5 ′ UTR uORF and its effect on downstream translation initiation
Previously, we reported the difference between the CFTR-132 and the CFTR-69 5 ′ UTRs in their capacity to drive translation initiation at the main CFTR-AUG codon (8) . We showed that the baseline reporter activity of a luciferase construct containing the CFTR-69 5 ′ UTR was 40% of a construct containing the CFTR-132 5 ′ UTR in HT29 and HEK293 cells. Reporter activity directed by the CFTR-132 and the CFTR-69 5 ′ UTRs, both of which contain thermodynamically stable RNA secondary structures, were compared with luc2 activity driven by the human beta-globin (HBB) 5 ′ UTR, which is short (50nt) and efficiently initiates translation (15) . As predicted, luciferase activity under the control of the HBB 5 ′ UTR was significantly higher than either of the CFTR constructs: 263% in HT29 cells (P , 0.0001) and 165% (P ¼ 0.0041) in HEK293 cells, compared with the CFTR-132 5 ′ UTR ( Fig. 2A) . A HBB negative control, in which the pAUG was mutated to a stop codon (UAG), was designed to eliminate reporter activity arising from the pAUG. As predicted, the HBB negative control produced no luc2 reporter activity, indicating that any luc2 activity observed using the CFTR constructs or the HBB positive control was due exclusively to translation initiation at the pAUG codon. With the normal luc2 activity directed by both wild-type CFTR 5 ′ UTRs established, changes in activity due to CFTR uORFbased mechanisms were investigated by mutating the CFTR-132 5 ′ UTR using site-directed mutagenesis (SDM). First, the uORF start codon (only present in the CFTR-132 5 ′ UTR) was converted to a stop codon (AUG . UAG). In contrast to expectations, repressing translation initiation at the uORF-AUG had little effect on the reporter activity in both HT29 and HEK293 cell lines compared with wild-type levels ( Fig. 2A: uORF-AUG . UAG). A slightly increased, but not significant level of reporter activity was noted in both cell types.
Efficiency of translation initiation at an AUG codon is also influenced by the nucleotide sequence immediately surrounding the start codon. Since the uORF-AUG is surrounded by a 'poor' Kozak consensus (0/2 critical nucleotides), the likelihood of scanning ribosomes consistently initiating translation at this AUG codon is less than if the uORF-AUG was in a more favorable Kozak consensus (16) . With this in mind, we tested the effect of altering the Kozak consensus of the uORF-AUG to suboptimal (1/2 critical nucleotides) and optimal (2/2 critical nucleotides), both of which are known to increase the probability of translation initiation occurring at the target AUG codon, on translation initiation at the CFTR pAUG. Following the conversion from 0/2 to 1/2 critical nucleotides, luciferase activity reflecting the rate of translation initiation at the CFTR pAUG, increased by 55% (P ¼ 0.0009) in HT29 cells and 98% (P ¼ 0.0129) in HEK293 cells ( Fig. 2A: uORF Kozak 1/2). When the Kozak consensus of the uORF-AUG was converted from 0/2 to 2/2 critical nucleotides, luciferase activity remained at levels similar to wild-type ( Fig. 2A: uORF Kozak 2/2). This result was unexpected, given that the conventional effect of ′ UTR constructs displayed similar patterns of translation efficiency to the CFTR-132 constructs (Fig. 2B) . Compared with the CFTR-69 wild-type pAUG, changing the Kozak context to 0/2 in the CFTR-69 5 ′ UTR reduced reporter activity by 67% (P ¼ 0.0022) in HT29 and HEK293 (P ¼ 0.005), while improving it to 2/2 increased activity by 81% (P ¼ 0.0318) and 49% (ns) in HEK293 cells.
To assess the capacity of the uORF-AUG itself to initiate translation, the uORF-AUG and uORF second codon were linked directly to the third codon of luc2. This modification removed all intervening sequences as well as the downstream CFTR-AUG codon, allowing the uORF-AUG to be tested in isolation. The uORF-luc2 fusion construct exhibited an increase of 1.3-and 1.2-fold in luciferase activity compared with the wildtype CFTR-132 5 ′ UTR construct (P ¼ 0.0096; Fig. 2B : uORF:luc fusion).
Direct measurement of changes to uAUG-mediated translation initiation demonstrated that the CFTR-132 uAUG actively supports translation initiation. Altering the Kozak sequence of the uAUG led to changes in uORF translation efficiency, shown by the effects on pAUG translation when the uAUG Kozak context was 0/2, 1/2 or 2/2 critical nucleotides. These data are supported by previous work by Wang and Rothnagel (18) demonstrating that increased uORF translation leads to reduced pAUG translation. However, the effects of the 0/2, 1/2 or 2/2 Kozak context mutations on CFTR-132 uAUG translation initiation differed from the predicted effects of surrounding Kozak sequence, suggesting that additional factors may be involved. With this in mind, further investigations into the activity of additional cis-acting elements present within the CFTR 5 ′ UTR were undertaken.
The effect of RNA secondary structure on translation efficiency at the CFTR-AUG RNA secondary structure within a 5 ′ UTR has been shown to influence both translation efficiency and mRNA stability in eukaryotes. Scanning ribosomes are often blocked or detached from an mRNA upon encountering stable SL (SL) structures. This results in decreased translation of downstream coding regions as well as mRNA instability. The predicted, conserved stable hairpin structure present in the CFTR 5 ′ UTR is located immediately 3
′ of the uORF stop codon in CFTR-132 mRNA and begins at the third nucleotide from the transcription start site of CFTR-69 mRNA. We initially predicted this structure using mFold (9) , and this was confirmed using the Vienna RNAfold tool (13) . The specific location and evolutionary conservation (data not shown) of the predicted hairpin suggested a role in the post-transcriptional regulation of CFTR. To address this issue, destabilization of the SL structure was achieved by mutating a number of nucleotides in the double-stranded stem region, such that stem formation via complementary base-pairing would be inhibited. Several SL mutants were created (Table 2 ) and their effect on CFTR pAUG-luc2 translation initiation efficiency was measured using our CFTR 5 ′ UTR-CFTR pAUG-luc2 reporter system. Compared with the wild-type CFTR-132 5 ′ UTR (folded structures: Fig. 3A and C), the mutation that produced the greatest increase in reporter activity was in SL mutant 2, (-132-SL2; GG . CC; folded structures: Fig. 3B and D), which produced a 7-fold increase in luciferase activity in HT29 cells (P ¼ 0.0002) and a 1.5-fold increase in HEK293 cells (P ¼ 0.003; Fig. 4 ).
The effect of the same SL structure located at the distal 5 ′ end of the CFTR-69 5 ′ UTR was assessed using the same mutation strategy as the CFTR-132 5 ′ UTR. Here, -69-SL2 (folded structures: Fig Having defined the CFTR 5 ′ UTR as a potent modulator of translation initiation, an additional construct was generated, combining the uORF-AUG . UAG and -132-SL2 mutations in a single construct. By eliminating the effects of the uORF and SL on downstream translation, a substantial, 14-fold increase in luciferase activity was observed in HT29 cells (P , 0.0001; Fig. 4 ). We also observed a 4-to 5-fold increase in reporter activity in HEK293 cells (Fig. 4) , compared with the wild-type 5 ′ UTR (P ¼ 0.0009). These data suggest a post-transcriptional regulatory mechanism comprised of two distinct, cis-acting elements (an upstream ORF and a stable RNA secondary structure) acting combinatorially within the CFTR-132 5 ′ UTR.
uORF and SL mutations alter CFTR mRNA abundance and stability
Luciferase reporter activity of wild-type or mutant CFTR 5 ′ UTR-luc2 constructs suggested that changes in luc2 activity might be due to altered translation initiation efficiency at the CFTR pAUG. To distinguish the effects of the different constructs and determine their impact upon luc2 mRNA stability and translation initiation efficiency, steady-state mRNA levels ′ UTR, the CFTR-69 5 ′ UTR was reduced by 60% in both cell types (P , 0.0001). CFTR uORF mutant constructs were placed upstream of a luciferase coding region (luc2) in pGL4.13 plasmids to investigate the effects of the CFTR uORF upon translation initiation at the CFTR pAUG. Conversion of the uORF-AUG to a stop codon did not significantly affect luc2 reporter activity. Unexpectedly, improving the Kozak sequence of the uAUG to 1/2 critical nucleotides (from 0/2) increased luc2 activity compared with the wild-type CFTR-132 5 ′ UTR in HT29 (155%; P ¼ 0.0009) and HEK293 (198%; P ¼ 0.0129) cells. Improving the Kozak sequence of the uAUG to 2/2 critical nucleotides had no effect on luc2 activity compared with the wild-type CFTR-132 5 ′ UTR in either cell line. For each construct schematic, a single or double inverted arrowhead located at either the CFTR-uAUG or CFTR-pAUG corresponds to a Kozak sequence with 1/2 or 2/ 2 optimized nucleotides, respectively. The absence of an arrowhead at these locations indicates a poor Kozak sequence with 0/2 optimized nucleotides. The 'X' indicates mutation of an AUG codon to UAG. (B) Effects of CFTR pAUG Kozak context on translation initiation. 5 ′ UTR constructs with mutated Kozak contexts were used to determine the impact of wild-type (1/2nt) versus poor (0/2nt) or optimal (2/2nt) Kozak context on the translational efficiency of the CFTR pAUG codon. CFTR pAUG Kozak variants were compared with the CFTR-132 wild-type construct, whereas CFTR-69 variants were compared with the CFTR-69 wild-type construct. Conversion of the CFTR-132 pAUG Kozak context to 0/2 (poor) did not significantly affect luc2 activity, however, improving the CFTR pAUG context to 2/2 (optimal) increased luc2 reporter activity 176% (P ¼ 0.03) and 203% (P ¼ 0.0257) in HT29 and HEK293 cells respectively, compared with the wild-type CFTR-132 construct. Conversion of the CFTR-69 pAUG Kozak context to 0/2 (poor) reduced luc2 activity 4-fold in both HT29 (P ¼ 0.0022) and HEK293 cells (P ¼ 0.005) compared with the wild-type CFTR-69 pAUG construct. Improving the CFTR-69 pAUG Kozak context to 2/2nt increased luc2 activity 1.8-and 1.5-fold in both cell lines (HT29: P ¼ 0.0318) compared with the wild-type CFTR-69 pAUG construct. The ability of the CFTR-132 uORF-AUG to initiate translation was tested by linking the majority of the uORF (excluding the stop codon) directly to the third codon of the luc2 reporter coding sequence. The uORF:luc2 construct directed an increase in translation initiation of 1.3-fold in HT29 cells (P ¼ 0.0096) and 1.2-fold in HEK293 cells (ns) compared with the wild-type CFTR-132 5 ′ UTR control. For each construct schematic, a single or double inverted arrowhead located at either the CFTR-uAUG or CFTR-pAUG corresponds to a Kozak sequence with 1/2 or 2/2 optimized nucleotides, respectively. The absence of an arrowhead at these locations indicates a poor Kozak sequence with 0/2 optimized nucleotides. and the stability of CFTR-luc2 mRNA transcripts were measured using quantitative real-time polymerase chain reaction (PCR). Molecular beacon (MB) qPCR probes were designed to bind specifically to the luc2 coding region. This allowed accurate quantitation of steady-state luc2 mRNA levels the kinetics of mRNA decay (measured at 0, 3, 6 and 9 h following treatment with Actinomycin D).
Relative steady-state expression profiles of luc2 transcripts linked to the CFTR-132 and CFTR-69 wild-type 5 ′ UTRs were determined in HT29 cells 48 h post-transfection and compared with the luc2 mRNA expressed from the unmodified pGL4.13-luc2 vector. qPCR analysis showed a 36% reduction (Supplementary Material, Fig. S1 ) of CFTR-69-luc2 mRNA compared with luc2 transcripts containing the CFTR-132 5 ′ UTR sequence. mRNA decay rates were determined following the inhibition of transcription with Actinomycin D (5 mg/mL). No significant difference was observed over a 9 h time period between the CFTR-132-luc2 and the CFTR-69-luc2 mRNA half-lives (t 1/2 ), which were measured as 5.2 and 4.9 h, respectively ( Fig. 5A : P ¼ 0.335). Relative steady-state abundance of pGL4.13-luc2 transcripts (vector only) was measured as 27% of the wild-type CFTR-132-luc2 mRNA level (P ¼ 0.0259), and the half-life of the pGL4.13-luc2 mRNA was not significantly different from the CFTR-132-luc2 mRNA half-life (t 1/2 ¼ 6.4 h: P ¼ 0.0712).
To test the effect of translation of the native uORF on mRNA stability, both the transcript half-life and the steady-state mRNA level of CFTR-132-uAUG . UAG-luc2 mRNA were compared with that of the wild-type CFTR-132-luc2 mRNA. Replacement of the uAUG codon with a UAG codon in the CFTR-132 5 ′ UTR had no significant effect on either steady-state mRNA levels or transcript half-lives (Fig. 5B) . The half-life of the wild-type CFTR-132-luc2 mRNA was 5.2 h and the half-life of the CFTR-132-uAUG . UAG-luc2 mRNA was 5.0 h (P ¼ 0.439).
A 7-fold increase in reporter activity was observed following the destabilization of the predicted stable RNA secondary structure that is present in the CFTR-132 wild-type 5 ′ UTR. To determine whether this increase was due to increased efficiency of translation initiation at the CFTR-AUG codon and/or altered transcript stability, the steady-state level and rate of decay of CFTR-132-SL2-luc2 mRNA were measured. qPCR analysis of the CFTR-132-SL2-luc2 transcript revealed a 3.5-fold increase in mRNA stability (t 1/2 ¼ 18.2 h; P ¼ 0.0314; Fig. 5C ), compared with the CFTR-132-luc2 wild-type 5 ′ UTR, but also a 71% reduction in steady-state mRNA quantity (Supplementary Material, Fig. S1 ; P ¼ 0.0269). The increased mRNA stability of the CFTR-132-SL2-luc2 transcripts suggests that the overall increase in luc2 activity produced by destabilization of the CFTR 5 ′ UTR SL is a result of both more efficient translation initiation at the CFTR pAUG codon and increased mRNA stability. The 14-fold increase that we observed when we combined the uAUG . UAG and SL2 mutations suggested that the native uORF and RNA secondary structure might work in concert to maintain low levels of endogenous CFTR expression. To examine the relative contributions of translation and mRNA stability in a co-operative mechanism, a CFTR-132-luc2 construct containing both uORF-AUG . UAG and SL2 mutations (CFTR-132-uAUG . UAG-SL2-luc2) was analyzed. Quantitation of steady-state mRNA showed a return to levels similar to that of wild-type CFTR-132-luc2 (P ¼ 0.141), and an 82% increase compared with the steady-state levels of CFTR-132-SL2-luc2 mRNA (P ¼ 0.0427). The half-life of the CFTR-132-uAUG . UAG-SL2-luc2 mRNA was substantially higher than the wild-type (t 1/2 ¼ 15.8 h; P ¼ 0.0114; Fig. 5D ), representing a 3-fold increase in transcript stability. The difference in mRNA stability between the CFTR-132-SL2-luc2 and the CFTR-132-uAUG . UAG-SL2-luc2 transcripts was minimal (P ¼ 0.418; Fig. 5E ).
To assess whether the presence of the RNA secondary structure in the CFTR-69 wild-type 5 ′ UTR modulates the abundance and/or stability of the mRNA despite its proximity to the transcription start site, the hairpin was mutated using the same strategy and analyzed using qPCR. Steady-state mRNA levels arising from the transfected CFTR-69-SL2-luc2 construct were increased 3.4-fold compared with the wild-type CFTR-69-luc2 construct (P ¼ 0.0015), and the half-life of the CFTR-69-SL2- Figure 4 . The CFTR-132 uORF and SL structure co-operatively regulate CFTR expression at the post-transcriptional level. Changing the nucleotide sequence of the stem-loop (SL2; GG . CC; Table 2 ) significantly increased the reporter activity in HT29 (7-fold; P ¼ 0.0002) and HEK293 (1.6-fold; P ¼ 0.003). A double mutant (CFTR-132/uAUG . UAG/SL2) construct tested the combined the effects of -132-uAUG . UAG and -132-SL2 mutant constructs on translation initiation at the CFTR pAUG. In HT29 cells, luc2 reporter activity increased 14-fold (P , 0.0001) and 3.6-fold (P ¼ 0.0009) in HEK293 cells, compared with the wild-type CFTR-132 5 ′ UTR, suggesting a complex regulatory mechanism involving both the uORF and RNA secondary structure. For each construct schematic, a single or double inverted arrowhead located at either the CFTR-uAUG or CFTR-pAUG corresponds to a Kozak sequence with 1/2 or 2/2 optimized nucleotides, respectively. The absence of an arrowhead at these locations indicates a poor Kozak sequence with 0/2 optimized nucleotides. The 'X' indicates mutation of an AUG codon to UAG. * 2P ≤ 0.05; * * 2P ≤ 0.01; * * * 2P ≤ 0.001.
luc2 mRNA was also 1.6-fold higher (t 1/2 ¼ 7.7 h; P ¼ 0.027; Fig. 5F ).
DISCUSSION
CFTR is expressed at very low levels across a wide variety of epithelial cells, and in some non-epithelial cell types. Tightly controlled, tissue-specific expression is a hallmark of CFTR (19) (20) (21) (22) (23) (24) (25) and fluctuations in the number of CFTR ion channels at the cell surface are harmful to both the cell and the organism. Remarkably low levels of CFTR gene expression, 6% that of the beta-actin gene (26) , are due to a critical and evolutionarily conserved mechanism about which little is known. To understand the mechanisms that maintain CFTR expression levels within critical limits, while maintaining a tightly regulated, tissue-specific level of gene expression, is an intriguing problem. CFTR expression requires strict regulation because abnormally low levels result in the CF disease state, whereas over-expression can lead to excessive inflammatory responses (27) . The data presented here provide evidence for a previously undescribed mechanism regulating CFTR and illustrate how a low, yet essential, level of gene expression is maintained. The involvement of putative regulatory elements present in the CFTR 5 ′ UTR was explored using a series of luciferase reporter constructs containing a variety of wild-type and mutant 5 ′ UTRs from the two predominantly expressed CFTR mRNA transcripts. Of these transcripts, the 132nt 5 ′ UTR (CFTR-132) is expressed in human fetal lung. The second 5
′ UTR is -69nt in length (CFTR-69) and is expressed mainly in adult lung and small intestine (25) .
CFTR-132 and CFTR-69 5
′ UTRs support translation initiation in a manner consistent with a developmentally regulated switch
Wild-type levels of CFTR 5 ′ UTR-mediated luciferase translation were assessed in two cell lines:HT29 (human intestinal epithelial) cells that express CFTR at comparatively high levels, and HEK293 (human embryonic kidney) cells that do not express CFTR. Luciferase reporter activity measured using either the wild-type CFTR-132 or the CFTR-69 5 ′ UTR to drive luc2 expression showed that the CFTR-69 5 ′ UTR supports translation at a significantly reduced rate ( 40%), compared with the CFTR-132 5 ′ UTR (P , 0.001). These results are consistent with observations made in vivo by White et al. (25) that steady-state CFTR mRNA levels are considerably higher in fetal lung than in adult lung. White et al. (25) found that the major transcription start site used in fetal lung is the CFTR-132, whereas CFTR-69 is used in post-natal and adult lung, and intestinal epithelia. Their data support the reduced luc2 activity that was measured in the CFTR-69-luc2 constructs. They also reported that the use of the CFTR-132 and the CFTR-69 transcription start sites is developmentally regulated, and that the utilization of the CFTR-132 or the CFTR-69 transcription start sites is distinctly correlated with a developmental switch in CFTR regulation in the lung. The key characteristic of this developmental switch is the conversion of the lung epithelium from absorptive to secretive after birth.
The CFTR-132 uORF acts as a 'roadblock' to scanning ribosomes uORF are widely accepted as repressors of translation initiation at downstream AUG codons. To determine the effect of the CFTR 5 ′ UTR uORF on translation initiation at the CFTR pAUG, the uORF start codon (uORF-AUG) was converted to a stop codon (uAUG . uAUG) to prevent translation initiation occurring upstream of the main CFTR start codon (CFTR pAUG). Unexpectedly, mutation of the uAUG to UAG had no significant effect on steady-state transcript levels, mRNA halflife or translation initiation efficiency at the CFTR pAUG.
The nucleotide sequence surrounding a translation initiation codon (the Kozak sequence) influences the rate of recognition of the AUG codon by scanning ribosomes. The Kozak consensus sequence is recognized as a potent modulator of ribosome recognition and has been shown to significantly alter the translational efficiency of a given AUG codon. The native Kozak context of the CFTR uORF-AUG is 0/2 critical nucleotides. The Kozak context can be used as an indicator for identifying an infrequently recognized start codon. The minor effect of the CFTR-uAUG . UAG mutation on translation initiation at the CFTR pAUG might be explained by a low rate of recognition of the uORF-AUG codon by scanning ribosomes, due to the Kozak context of 0/2 nucleotides. This would reduce translation initiation at the uAUG codon and increase the likelihood of ribosomes encountering, and initiating translation at, the CFTR pAUG. Improving the Kozak context of the uORF-AUG, by converting the 0/2 status to 1/2 or 2/2 critical nucleotides at the 23 and +4 positions, yielded puzzling results. In general, promoting uAUG translation initiation would be expected to decrease downstream translation initiation. Here, improvement of the native uORF-AUG Kozak context (0/2) by conversion to 1/2 critical nucleotides increased the level of luciferase activity, correlating with an increase in translational efficiency from the CFTR pAUG. It is possible that improving the Kozak context of the uORF-AUG (1/2) promotes uORF translation, but also promotes post-termination ribosome re-initiation-a process that would allow a higher proportion of ribosomes to re-initiate and continue translation from the downstream CFTR-AUG codon.
For constructs in which the Kozak context of the uORF-AUG was improved through conversion to 2/2 critical nucleotides, a slight decrease in reporter activity was observed compared with the wild-type CFTR-132 5 ′ UTR. These results are consistent with increased uORF-AUG recognition by scanning ribosomes and indicate that leaky scanning through the uORF to the main ORF is inhibited if the uORF-AUG is in an optimized Kozak context.
To confirm that the Kozak rules apply in the context of the CFTR mRNA, the same mutations were applied to the Kozak sequence surrounding the native CFTR pAUG codon. Observed reporter activity correlated with CFTR pAUG translation initiation was as expected (16, 18) , with both the CFTR-132 and CFTR-69 5 ′ UTRs displaying a pattern of increasing activity from 0/2 through to 2/2 critical nucleotides.
Changes in luciferase reporter activity produced by 5 ′ UTR mutants may also be due to altered transcriptional processes (28, 29) , miRNA binding sites (30, 31) and RNA-protein interactions (32) (33) (34) (35) . To confirm the results of earlier experiments, the capacity of the uORF-AUG to support translation initiation in the absence of other AUG codons was assessed. We generated a construct in which the sequence encoding the uORF stop codon through to the first two codons of the main coding region was deleted, allowing the uORF coding sequence to be linked directly to the third codon of luc2. Any luc2 reporter activity was deemed due to translation initiation at the uORF-AUG. By maintaining the majority of the uORF sequence, it was possible to test the Kozak context of the uORF-AUG and its contribution to uORF translation initiation under native and mutant conditions. Compared with the wildtype CFTR-132 5 ′ UTR, the modified uORF-luc2 fusion 5 ′ UTR was 63nt in length; however, the distance from the 5 ′ cap to the uAUG codon was only 15nt. A leader sequence of such short length upstream of the first AUG codon approaches the minimum sequence requirements for successful translation initiation (18) . Luciferase reporter activity from this fusion construct showed that the uORF-AUG drives luc2 translation at 150% that of the wild-type CFTR-132 5 ′ UTR in HT29 cells and 110% in HEK293, supporting the notion that translation of the uAUG reduces the availability of ribosomes at the main CFTR pAUG and likely contributes to the overall regulation of CFTR translation.
RNA secondary structure in the CFTR 5 ′ UTR limits ribosome access to downstream start codons Constructs containing the CFTR-132 and CFTR-69 5 ′ UTRs were mutated to destabilize the stem of the predicted RNA secondary structure. Previous work has demonstrated the effect of RNA secondary structure on translation initiation and re-initiation, as well as mRNA stability, which can occur via SL-mediated ribosome stalling and shunting, or detachment of the ribosome from the mRNA, which may lead to mRNA degradation (10, (36) (37) (38) . In particular, Vilela et al. showed that translation initiation and mRNA stability can be severely reduced in the yeast gene Yap1p, if an RNA SL is inserted immediately downstream of a benign uORF (10, 38, 39) . As such, the presence of a stable SL in the CFTR 5 ′ UTR suggests that a similar posttranscriptional mechanism regulates CFTR gene expression.
To test this hypothesis, the stem of the hairpin structure was destabilized in the CFTR-132 5 ′ UTR using the -132-SL2 mutation (GG . CC), which produced a 7-fold increase in luc2 activity. The half-life of those mRNAs containing the -132-SL2 mutation was increased following destabilization of the SL structure (t 1/2 ¼ 18.2 h), while the steady-state mRNA levels were reduced by 71% (Supplementary Material, Fig. S1 ), suggesting an altered rate of transcription associated with the SL2 mutation. However, when the same mutation is introduced into the CFTR-132-uAUG . UAG-SL2 transcript, mRNA abundance increased and the rate of decay was marginally lower (t 1/2 ¼ 15.8 h). The 3.5-fold increase in stability observed in CFTR-132-SL2 transcripts, in conjunction with increased reporter activity, implies that in the wild-type state, both CFTR protein expression and mRNA stability are heavily repressed in the presence of the RNA hairpin structure. Recently, two independent groups showed that impaired mRNA decay mechanisms in yeast are compensated by decreased mRNA synthesis via a global RNA exonuclease (Xrn1)-mediated mechanism, and that the mechanisms of mRNA decay and synthesis are coordinated and circular (40, 41) . A similar mechanism in humans may underlie the reduced steady-state mRNA level we observed for the CFTR-132-SL2 mutant. For this transcript, the rate of decay was substantially increased compared with the wild-type, and moderately increased compared with the CFTR-132-uAUG . UAG-SL2 transcript, while also exhibiting a reduced steady-state mRNA level, which raises the possibility of transcriptional buffering.
In the CFTR-132 5 ′ UTR, the SL is located immediately 3 ′ of the uORF termination codon and may impede linear scanning by ribosomes that did not initiate translation at the uORF-AUG. Indeed, this could interfere with ribosomes actively translating the uORF by preventing termination-dependent re-initiation or promoting ribosome stalling at the uORF stop codon (37, 42, 43) . Ribosomes would still be able to initiate translation at a downstream start codon were they able to shunt across the region of the SL and migrate in a non-linear fashion (36) , however this process is dependent upon proper ribosome termination, termination codon sequence context and uORF-peptide release (37) . Destabilization of the RNA secondary structure in the CFTR 5 ′ UTR is thought to allow a much greater proportion of scanning ribosomes to initiate translation at a downstream AUG due to (i) less structural inhibition of ribosomes and (ii) a significantly enhanced mRNA half-life.
The synergistic effect of the uORF/SL arrangement in the CFTR-132 5 ′ UTR represses CFTR translation initiation and mRNA stability
The possibility that a complex mechanism, involving the uORF and stable RNA secondary structure acting in concert in the CFTR-132 5 ′ UTR, might repress endogenous, wild-type CFTR gene expression and transcript stability, was addressed using the CFTR-132 5 ′ UTR containing a double mutant (CFTR-132-uAUG . UAG-SL2). The CFTR-132-uAUG . UAG-SL2 construct contains the uORF with a UAG-mutated uAUG codon, as well as the -132-SL2-destabilized RNA SL, shown previously to increase luc2 activity 7-fold.
The combination of the uAUG . UAG and -132-SL2 mutations increased luc2 activity 15-fold in reporter assays and produced a 3-fold increase in mRNA stability. Importantly, there was also a 162% increase in steady-state mRNA abundance compared with the CFTR-132 wild-type (Supplementary Material, Fig. S1 ), which is likely due to the increased mRNA half-life. Compared with the steady-state mRNA levels of the CFTR-132-SL2 construct, the CFTR-132-uAUG . UAG-SL2 transcript levels increased by 82% (Supplementary Material,  Fig. S1 ) and may be attributed to the addition of the uAUG . UAG mutation. The increased steady-state mRNA level of the CFTR-132-uAUG . UAG-SL2 construct suggests that converting the uORF-AUG to a stop codon prevents uORF translation and could allow scanning ribosomes to shunt across the base of the SL and continue migrating until the next AUG is encountered. This data imply a shared regulatory role operating between the uORF and SL, such as that described in YAP1-type uORFs (10) . Destabilization of the SL alone contributed a 7-fold increase in luc2 reporter activity, a 3.5-fold increase in mRNA stability and a reduced level of steady-state mRNA, while the uORF-AUG . UAG mutation alone had a negligible effect. The substantial increase in reporter activity and the rescue of steady-state mRNA to wild-type levels arising from the CFTR-132-uAUG . UAG-SL2 construct indicate a co-operative 5 ′ UTR-mediated mechanism involved in the regulation of CFTR gene expression. The post-transcriptional mechanism regulating CFTR gene expression discussed here closely resembles the YAP1-type uORF mechanism described by Vilela et al. (10, 38) . The CFTR-132 uAUG is located 13nt downstream of the CFTR-132 transcription start site and has an initiation context of 0/2 critical nucleotides. A 5
′ leader sequence of 8-12nt is required for efficient translation initiation (18, 44) and the location of this uAUG, coupled with the poor Kozak context, is positioned such that translation initiation at the CFTR-132 uAUG does not impact greatly on translation initiation from the CFTR pAUG. However, reporter assays measuring luc2 activity from uORFuAUG-luc2 fusion constructs revealed that the CFTR-132 uAUG can drive translation at wild-type CFTR levels if it is recognized by scanning ribosomes, even in a poor Kozak context. In addition, impeding translation initiation at the uORF-AUG codon did not significantly affect reporter activity, steady-state mRNA levels or transcript stability, indicating that active translation of the uORF alone does not influence CFTR expression.
In this study, we have identified the key elements of a complex, negative regulatory mechanism that is encoded within the human CFTR 5 ′ UTR and examined how these elements act in combination to restrict CFTR gene expression to a consistently low level in a transcript-specific manner. These data show, for the first time, that endogenous human CFTR expression is post-transcriptionally regulated through a 5 ′ UTRmediated mechanism. The data reported here show that the very low levels of CFTR expression, compared with other low expression genes, are maintained through the combinatorial inhibitory effects of the CFTR-132 uORF and the thermodynamically stable RNA secondary structure located immediately 3 ′ of the uORF termination codon. Similar post-transcriptional regulatory mechanisms have been identified in humans (45, 46) , however neither of these examples use this specific mechanism. It is possible that there are other human disease-causing genes that are regulated this way and are amenable to modulation of their expression through its perturbation. This multifaceted posttranscriptional mechanism may provide unique methods and therapeutic targets by which CFTR expression can be manipulated to over-express CFTR proteins in homozygous delta-F508 patients with the potential for minimizing the symptoms associated with CF and CF-related disorders.
MATERIALS AND METHODS
Reporter constructs-CFTR 5
′ UTR-luciferase reporter constructs Plasmid constructs containing the CFTR 5 ′ UTR (RefSeq: NM_000492) were generated in a pGL4.13[luc2/SV40] vector (Promega) using a combination of restriction endonuclease digestion and PCR. The full-length CFTR-132 5 ′ UTR plus the first two codons of the CFTR coding region was amplified by PCR using genomic DNA extracted from HEK293 cells. PCR reactions consisted of 100 ng of HEK293 genomic DNA template, 10 mM dNTPs, 1 U Phusion DNA Polymerase (Finnzymes), 1X Phusion HF buffer and 500 nM each of the CFTR-specific primers in a final volume of 50 ml. CFTR-specific primers incorporated 5 ′ tails complementary to the SV40 promoter region, to include a HindIII restriction site (forward primer) and the luc2 coding region, excluding the first two luc2 codons (reverse primer), of the vector. The PCR protocol comprised a 30 s denaturation step at 988C, followed by 35 cycles of denaturation (988C, 10 s), annealing (608C, 30 s) and extension (728C, 60 s), and a final extension step at 728C for 10 min. Next, the luc2 region was amplified from the pGL4.13 vector using the same method. The forward primer incorporated a 5
′ tail complementary to the CFTR 5 ′ UTR plus codons 1 and 2, while excluding the first two codons of the luc2 region. The reverse primer included a 5 ′ tail incorporating the XbaI restriction site downstream of the luc2 coding region. To create the CFTR 5 ′ UTR-luc2 fusion, both amplicons were added in equal quantities to a single PCR reaction as described. The forward and reverse primers were the SV40-CFTR-5 ′ UTR (forward) and the luc2-XbaI (reverse). The pGL4.13 vector and the
CFTR 5
′ UTR-luc2 fusion amplicon were individually digested with HindIII and XbaI to create compatible cohesive restriction sites. The vector and fusion insert were ligated and cloned in library efficiency DH5-alpha cells (Invitrogen). The new construct was verified by sequencing across the full length of the plasmid in both forward and reverse directions. The CFTR-132-5
′ UTR-pGL4.13 construct created in these steps was the basis for all further CFTR-5 ′ UTR-based constructs used in luciferase reporter assays.
HBB 5
′ UTR-luciferase reporter constructs
Control constructs were generated in the same manner as described above, except the HBB 5 ′ UTR was used in place of the CFTR-132 5 ′ UTR. Primers were designed such that the forward and reverse primers included 5
′ tails complementary to the SV40 promoter and the luc2 coding region, excluding the first two luc2 codons, of the pGL4.13 vector, respectively. The luc2 region was amplified as described, however, the forward primer included a 5
′ tail complementary to the HBB 5 ′ UTR sequence plus codons 1 and 2 of the HBB coding region. The negative control, HBB(neg)-5 ′ UTR-pGL4.13, was created using the HBB-5
′ UTR-pGL4.13 positive control plasmid. The HBB-AUG codon in this construct was converted to a stop codon (HBB-UAG) using SDM.
Mutagenized CFTR and HBB 5 ′ UTR-luciferase constructs
All mutant constructs were generated from either the CFTR-132-5 ′ UTR-pGL4.13 or HBB-5 ′ UTR-pGL4.13 plasmids. Typically, back-to-back primers were designed to mutate the region of interest using PCR-based SDM. The SDM reaction consisted of 1 ng CFTR-132-5 ′ UTR-pGL4.13 plasmid DNA template, 10 mM dNTPs, 1U Phusion DNA Polymerase (Finnzymes), 1X Phusion HF buffer and 500 nM each of the CFTR-69 mutagenic primer in a final volume of 50 ml. The SDM PCR protocol comprised a 30 s denaturation step at 988C, followed by 35 cycles of denaturation (988C, 10 s), annealing (60-718C, 30 s) and extension (728C, 90 s), and a final extension step at 728C for 10 min. All mutants were cloned, verified by sequencing and prepared using the same method as for the recombinant CFTR-132-5 ′ UTR-pGL4.13 plasmid.
Cell lines
HT29 (human intestinal epithelia) cells were grown in RPMI 1640 media plus L-glutamine (Gibco), while HEK293 (human embryonic kidney) cells were cultured in Dulbecco's modified Eagle's medium (DMEM) plus L-glutamine and sodium pyruvate. Both cell lines were supplemented with 10% (v/v) newborn calf serum (NCS) (Gibco) and 1% (v/v) penicillin/ streptomycin (Gibco) and grown at 378C in a 5% CO 2 atmosphere. Culture media were changed two to three times per week and passaged 1:3 or 1:5 when required.
Transient transfection
HT29 and HEK293 cells were plated out at 70% confluency in 96-well plates and allowed to adhere overnight. The following day, cells were washed with PBS and overlaid with antibiotic-free OptiMEM (Gibco) prior to transfection with FuGENE HD (Roche) as per the manufacturer's instructions. Briefly, construct-specific transfection mastermixes were prepared at a ratio of 10:2 (ml FuGENE HD:mg DNA) with OptiMEM media in a final volume of 110 ml. Each mastermix was mixed by pipetting and incubated at room temperature for 15 min to allow the formation of FuGENE:DNA complexes. Each construct-specific complex was added directly to the cells in the 96-or 24-well plates in triplicate and overlaid with OptiMEM media. Each plate was gently rocked for 20 s to evenly distribute the transfection complexes. Furthermore, 4 -6 h post-transfection, the media were withdrawn and replaced with maintenance media containing antibiotic supplements. Cells were incubated at 378C, 5% CO 2 for 24-48 h prior to harvesting.
Luciferase reporter assays
Reporters were transfected at equal concentrations and did not exceed 100 ng per well. Transfection efficiency was controlled using a transfected Renilla luciferase reporter (pHRL-TK; Promega). At 48 h post-transfection, firefly luciferase activity was determined using the Dual-Glo Luciferase Reporter Assay kit (Promega) and a BMG Fluostar Optima luminometer (BMG Labtech, Germany) as per the manufacturer's instructions. Differences in transfection efficiency were corrected for by normalizing firefly luciferase activity to that of Renilla luciferase.
Actinomycin D time course
The stability of luciferase mRNA transcripts from constructs used in earlier reporter assays was determined by measuring the amount of luciferase mRNA at selected intervals: 0 (control), 3, 6 and 9 h, following the addition of 5 mg/mL Actinomycin D 48 h post-transfection (Sigma-Aldrich). HT29 cells were transfected as described above. Time-course intervals were chosen based on manufacturers data of luc2 mRNA halflife (approximately 2 h).
Preparation of cDNA cDNA used in real-time quantitative PCR reactions was prepared from cell cultures containing approximately 2.5 × 10 6 cells in 24-well tissue culture plates (Nunc). Cells were washed with ice-cold PBS and RNA was extracted from cells using the innuPREP RNA Mini Kit (Analytik Jena). Ten microliters of each RNA preparation were used as template in the High-Capacity Reverse Transcription cDNA kit (Applied Biosystems) as per the manufacturer's instructions. Following reverse transcription, cDNA was stored at 2208C until required.
Quantitative real-time PCR
GAPDH was used as the reference gene in all qPCR experiments. qPCR was performed on an MX3000P real-time PCR machine (Stratagene). Reactions were assembled using Brilliant II qPCR Mastermix (Stratagene) in a total volume of 25 ml. Then, 2% of cDNA template was added to each qPCR reaction. Typically, primer concentrations were 900 nM each, whereas probes were added at 400 nM (final concentration). Data were analyzed using the MxPro software (ver 4.0).
MBs probe design
MBs were designed such that the region of complementarity was between 21 and 29nt. The annealing temperature of the probe:-template region was typically 59-628C, while stem region melting temperatures were +28C compared with the probe:template region to ensure that the two melting temperatures were 78C above the annealing temperature of the PCR reaction. Additionally, each stem region was designed to ensure the extreme 5
′ nucleotide was not a guanine (G) residue. The 5 ′ fluorophore was 6-Carboxyfluorescein (FAM), while the 3 ′ quencher was a Black-hole Quencher (BHQ). Primer pairs used in conjunction with MBs were specific to each probe and individual amplicon size did not exceed 230nt. Melting temperatures for each primer pair were closely matched and were typically 608C, allowing a consistent annealing temperature for the majority of qPCR experiments. All primer pairs were tested for target specificity in silico in either the UCSC In Silico PCR program (http://genome.ucsc.edu/cgi-bin/hgPcr, last accessed on 3 October 2014) or the NCBI Primer-BLAST program, which uses the mRNA RefSeq database (http://www.ncbi.nlm. nih.gov/tools/primer-blast/, last accessed on 3 October 2014). Primer:probe targets were designed to measure mRNA stability at selected intervals along the length of each mRNA. 
Sequence databases and bioinformatic tools
RNA secondary structure prediction
Preliminary RNA secondary structures were predicted using mFold 3.2 (9,11) (http://mfold.rna.albany.edu, last accessed on 3 October 2014) and Vienna RNAfold (http://rna.tbi.univie.ac.a t/cgi-bin/RNAfold.cgi, last accessed on 3 October 2014) (48) . All folding computations were performed using default prediction parameters for 378C. For the sliding window analysis, a 5 ′ UTR sequence was processed into 30nt bins. Scrambled control sequences were created by shuffling the 5 ′ UTR sequence from the original 30nt bins 100 times each. Dinucleotide distribution was preserved. Shuffling was performed using esl-shuffle from the HMMER 3.0 command-line package (hmmer.org). Each line of sequence was processed using the command-line version of RNAfold (ViennaRNA-1.8.4; https://www.tbi.univie.ac.at/ RNA/index.html, last accessed on 3 October 2014). The predicted MFE and EFE structures for each sequence and the base-pairing probabilities of each nucleotide in the analyzed sequence were analyzed in Excel.
Statistical analysis
Experimental data were analyzed using GraphPad Prism software (v6.0e). Statistical analysis was performed using unpaired Student's t-test and linear regression. P values ,0.05 were considered significant. All error bars are expressed as mean + SEM.
